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Abstract

Over the past decade GGU has colIected basic glaciological, climatic and hydrological
data from the basins that are potential suppliers of hydropower in West Greenland. De­
tailed topographic maps of the margins of the lnland Ice near Frederikshåb and Jakobs­
havn have been used to record changes in the drainage pattern due to changing positions
of the ice margin. Landsat images are used to augment the field data, particularly using
scenes recorded late in the melting season under low sun angles. Computer processing of
the Landsat data enhances individual elements that are otherwise not clearly discernable.

Since ice-dammed lakes can form natural reservoirs they have been closely studied
with a view to controlling the periodic catastrophic outbursts.

Statisticai modeIling has been used extensively utilising long series of meteorological
data from coastaI stations to simulate the mass balance and mnoff patterns on the margin
of the lnland lce.

Preconceptions and preliminary investigations

The potential of Greenland hydropower came into focus folIowing the energy crisis in
1973 and the subsequent demand for exploitation of Greenland's own energy resources. A
review of the regional hydrology of West Greenland was prepared in the folIowing years
(Weidick & Olesen, 1980). This took the form of a catalogue of all hydrological basins and
their water potential from 60° to 700 N. The calculation of the water potential was based on
the existing scattered meteorological and glaciological data and on information derived from
aerial photographs.

That the glacier cover has a dominating influence on the hydrological condition of Green­
land was documented by the figures of this basin report. Of the total discharge from West
Greenland (around 220 km3/year) only 12% (around 27 km3/year) could be estimated as de­
riving directly from precipitation over ice-free land, the rest was precipitation first released
from the ice cover as meltwater or calf ice after a period trapped within the glacier system
(Table 1). The period it is locked in the glacier system is dependent on glacier size and posi-

Table l. Origin ofpotential water as per cent of total amount of water,
West Greenland

From ice-free areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26.7 km3/yr = 12070
From local glaciers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5.8 km3/yr = 3%
From precipitation on the ablation area of the lnland Ice (QA) 26.9 km3/yr = 12%
From general ablation 60.1 km3/yr = 28%
From calf ice production 97.4 km3/yr = 45%
Total. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 216.9 km3/yr = 100070

11 Rapp. Grønlands geol. Unders. 128. 157-169 (1986)
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Table 2. Total volumes of water from the West Greenland portion
of the Inland læ

QC QB QK QA
kml/yr kml/yr km3fyr kml/yr

Calf ice producing sectors 120.1 22.7 97.4 7.4
Quiet sectors 37.5 37.5 O 19.5

Total 157.6 60.2 97.4 26.9

QC Accumulation over the accumulation area
QB General ablation of the ablation area (melting)
QK Estimated calf ice production
QA Precipitation over the ablation area of the ice sheet

tion, as well as the point of impact of original precipitation above the equilibrium line of the
glacier. It may be up to 105 years.

Only 6 kml/year of glacier discharge is meltwater from local glaciers, the rest (184 km3
/

year) is calf ice and meltwater from the Inland Ice. Although 128 km3/year (QB, QK and
QA in Table 2) of this amount disappears as meltwater and calf ice from the productive sec­
tors of the ice sheet to the ice fjords, 5D-60 km3/year still remains as water from the quieter
sectors which have their terminations at higher altitudes. The ice sheet thus has the greatest
potential for hydropower exploitation. This is also reflected in the present planning where
high priorities are given to localities at the ice margin which could supply future energy for
Jakobshavn, Frederikshåb, Christianshåb, and partly also GodthåblNuuk.

In many of the coastal basins local glaciers mayaiso have a substantial infiuence on dis­
charge patterns. This is particularly true for the basins with potential hydropower for Suk­
kertoppen and Godhavn.

Only a small proportion of the Greenland glaciers have names, but in connection with reg­
istration of glacier information all West Greenland's 5000 perennial snow patches, local gla­
ciers and outlets from the Inland Ice are allocated a code which refers to their hydrological
system. The same code is the basic address for documentation of glacier characteristics and
changes.

Field work

In the programme set up by GGU it is intended to collect basic glaciological, c1imatic and
hydrological data which can be used eitherdirectly or indirectly in planning hydropower pro­
jects. The timetable for the programme is shown in fig. 1. At Nordbogletscher, Qamanars­
sup serrnia and Amitsul6q Iskappe there are fixed stations which are manned from May to
September to carry out mass balance measurements, measurements of discharge and ice ve­
locity, and a full programme of c1imatic observations. The mass balance, or just balance, of a
glacier expresses the relationship between gain of material to the glacier (accumulation =
e.g. snow deposition) and loss of material (ablation = e.g. melting and calving). Accumula­
tion and ablation is normally measured over a balance year running from the end of one
summer to the end of the folIowing summer. The net balance is the balance at the end of the
balance year and expresses the algebraic sum of accumulation and ablation, often expressed
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Fig. 2. Mass balance diagrams from West Greenland compared with examples from Norway.

as a function of elevation (fig. 2). Glaciers without fixed observation stations are only visited
twice yearly to determine winter and summer balances. Besides the specific use of the mass
balance data in selected basins, the geographical spread allows a regional determination of
the mass balance patterns for the whole of West Greenland.

Numerous reports have been published from the localities under study (Olesen & An­
dreasen, 1983; Clement, 1982, 1983; Braithwaite, 1983; Thomsen, 1984). Some of the resuJts
are shown as net balance curves in fig. 2 where they are compared with balance curves from
some Norwegian glaciers.

From fig. 2 it ean be seen that the activity index (slope of net balance curve at equilibrium
line = rate of water transfer in the glacier body) of Greenland glaciers is considerably less
than that for Norwegian glaciers. In West Greenland it varies from approximately 2-4 mm/m
at the Inland Ice margin (e.g. Nordbogletscher) to a maximum of 10 mm/m at local glaciers
doser to the outer coast (e.g. Narssaq Bræ). Conditions for the melting of the Inland Ice
margin are fairly uniform over great distances; the curve for Nordbogletscher (61°N) is
nearly identical with that of Qamanarssup serrnia (MON).
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nelailed photogrammetric glader mapping

A photogranunetric mapping programme was initiated in response to increasing demand
for ddailed topographic mars af the afcas under investigation. Tlle mars produced have
becn used as the basis for runoff and glacier dynamic Illodelling.

Maps at a seJle af 1:25000 covering the margin of the lnland lee north-east af Frcctc­
rikshåb and lakobshavn have been produced from vertical aecia) photographs (Weidick &
Thomsen, 1983; Thomsen, 1983a). The mars were prcpared al the GGU photogrammetric
laboralory using a Kern PG-2 stereoplotting instrument conneeted to a computer system.
All possibk detail has been plotted for the glacicr acca and trim line zone. A section af the
glacier mar Ilorth-east af Jakohshavn is shown as fig. 3.

To determinc glacier variations, maps of the glaeier surfaee have from time to time been

produced using alder vertical aerial photographs and data from reeenl terrestrial photo­
grammetric surveys earried out during field work at GGU field stations (Knudsen, 1983).
Terrcstrial photogrammetric surveys have been earricd out at short time intervals along gla 4

eier profiles to detcrmine variations in the horizontal iec vdoeity (Knudsen, 1983).

Mapping of surfaee and suhsurface features on the Inland Ice

A large proportion of thc runoff from the drainage basins proposed for hydroeleetric in­
stallations is made up of meltwatcr eoming directly from the Inland Ice. The Inland Ice is a
relativety ullexplored area, and linie or no information about detailed surfaee topography,
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Fig. 4. .J'Jkobshavll hlme <lild surrounJing SCt.:{{)fS af the lnland ke, east af Jakobshavll. Computer pro­

cessed part of Landsat 2 scene, acquired 27.09.1979. (I) Glacier margin ending up in fjord, (2) flowlines

:lIld (3) shadow pattcfIls from subtlc topographic surfaee features, rcflccting thc subgl<lcial tcrrain.

subglacial beclrock topography, mcltwlIter and iceflow pattern is available. There are special

problems delinc<lting indiviciual ice streams of the Tnland Jee, especiaily at higher attitudes.
Thcrc is also the problem that the surf,Kc drainagc pattcrn infcrrcd from maps may not re­
neel the cH.:tual cnglacial and subglacial meltwater drainagc. Mcltwatcr may uften drain su­
praglacially through large river systems directl)' to the glader margin. However, rnuch of the
water reaches tbe bed rock through crevasses and mou lins. The subglacial topography may

seriously influenee the direetion of meltwater drainage either by creating crevasses affecling

the surf<Jee drainage ar by foreing the watcr to follow subglacial valley systems. Information

about subglacial topography is thcrcforc of fundamental importance.
Information from satellites offers several advantages over other methods af glaeier obser­

vation; for example. a regional view of the Inland Iee beeomes possible, and large parts af

tlle iee sllee! flot eovered by aerial photographs ean be seen an ane frame. In addilion satcl­
lite data are available from times when aerial photographs are not norma Ily taken.

Data from the Landsat satel1ite have been lIsed to augment the information an mchwatcr
and iceflow on the Inland Iec and the subglacial topography. Landsat scenes recorded late in
the melt scason under low sun angles are very suitable. as subtle topographic surface fea­

lures an glaciers reflecting the subglaeial topography are aceentuated. Computer processing
of the Landsat data ean enhance individual elements in the images so that they are more

clearly discernable to tbe eye (Thomsen. ISlS3c). An example of the possibiiily af dctccting

surface features 011 the Inland Ice by means of Landsat data is given in fig. 4.

Maps with information an iee and mcltwatcr drainagc and thc subgiaeial terrain as de­
pietcd from the surfaee (Thomsen. 1983b) are produeed from computer processed Landsat
data. information an melting conditions is given from the different snow facies mapped on

thc surface of the iee sheet (Thomsen, 19R3a).
Drainage basins on the Inland lee have been c1elineated from existing topographic maps
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Fig. 5. Acrial photograph of Hullet (route 267 G-N. no. 321. 07.09.J%2, courtesy of the Geodetic 10­
stitute. Copcnhagen). In background the south slopc ef thc Inland Ice with Nordboglelscher.

Fig. 6. Aerial phmograph ef Tiningnilik (route 511 A no. 29. 17.07.1948, courtes)' uf the Geodetic In­
stilute. Copcnhagen).
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Fig. 7. Water levels and outbursts from the ice-dammed lake Hullet in Johan Dahl Land (61"N). The ir­
regularities af the saw-tooth curve are due to the uneven infilling of meltwater during the three summer
months. Each outburst releases 0.6 km' of water (Clement, 1983).

and surfaee feature maps (Thomsen, 1984). Due to the uneertainties involved both maxi­
mum and minimum estimates of their extent have been made, differing in the way in whieh
the subglaeial terrain is assumed to affeet the drainage pattern. For a more exaet estimate of
the size of the drainage basins, direct measurements of iee thiekness are required. For this
purpose radio-eeho soundings have been attempted as part of the fjeld programme at Nord­
bogletseher in South Greenland (Clement, 1983) and on the Inland Ice north-east of Jakobs­
havn, using a 60 MHz and 300 MHz radar developed at the Eleetromagnetie Institute, Teeh­
nieal University of Denmark. The measurements were earried out on the iee surfaee using
skidoos and from helicopter and fixed-wing aireraft but had limited sueeess up to 1984 due to
technical difficulties. The difficulties were overcome the folIowing year and parts of the sub­
surfaee of the Jakobshavn ice margin were mapped successfully by L. Thorning and E.
Hansen, GGU.

Observations of ice-dammed lakes

Along the margin of the glaciers (and especiaIly the Inland lee) there are a large number
of iee-dammed lakes. For hydropower exploitation natural reservoirs in the form of lakes are
preferred, as they save eonstruetion of expensive dams. Thus ice-dammed lakes directly re­
lated to the ice margin have attracted considerable attention.

In the two main schemes, interest has been focussed on large ice-dammed lakes with
periodic subglacial outbursts, i.e. lakes slowly filling with meltwater to a critieal height (wa­
ter level) after which the water breaks through the damming glacier subglaciall~. The lakes
are Hullet (fig. 5) in Johan Dahl Land at 61°N (Clement, 1984) and Tiningnilik (fig. 6) near
Christianshåb at 69°N (Braithwaite & Thomsen, 1984b) which have intervals of 1-2 years
and 8-10 years, respectively, between individual outbursts. The exact interval between out­
bursts is dependent on the annual ablation, i.e. the rate at whieh meltwater fills the lakes.
The eharaeteristic saw-tooth curve of water level and volume for these lakes is shown in figs
7 & 8.

The use of these lakes as reservoirs involves an artificial permanent lowering of the water
level to avalue below the critical height for outbursts. However, uncertainty still remains
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Fig. 8. Calculated variations in volume of the ice-dammed lake Tiningnilik from 1942 to 1983 together
with calculated inflow. Outbursts release between 1.5 and 2 km3 of water (Braithwaite & Thomsen,
1984b).

about details in the mechanism of the outbursts and the effects on the damming glacier body
by a permanent lowering of the lake level.

Mass balance and runotT modelling

Statisticai modelling has been used to calculate the mass balance from existing c1imatic
data from the nearest meteorological stations and in this way extending the time coverage of
short measured series of mass balance and runoff.

For local glaciers, where the total glacier area ean be unambiguously defined from topo­
graphical maps, longer mass balance series have been simulated. The simulation is made
with the help of an empirical correlation between summer temperature and winter pre­
cipitation at the nearest meteorological station and the total mass balance of the glacier
measured directly. An example of this procedure is shown in fig. 9 where the mass balance
simulation covers the smalllocal glacier, Valhaltindegletscher (Clement, 1983).

Runoff modelling from basins proposed for hydroelectric installations (Braithwaite &
Thomsen, 1984a,b) involves separate treatment of the glacier-covered and the glacier-free
areas. 1\vo models are used, MB1 for mass balance and rainfall, and SM1 for snowmelt and
rainfall. These models calculate specific values of various water balance elements (e.g. accu­
mulation, ablation and rainfall) as a function of elevation. The total runoff from the basin
can then be calculated by integrating the specific runoff values from the MB1 and SB1 mod­
els over the appropriate areas. In the first calculation the model only uses c1imatic data from
coastal stations (regional model) and the calculated runoff is then compared with available
runoff observations to produce a series of calibrated runoff data (basin-specific model). An
example of simulation af this kind is given in fig. 10.
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Fig. 9. Calculated net balance on Valhaltindegletscher (61°N) 1962-1983. This local glacier has an area
of 1.9 km'. The mass balance has been negative throughout most ofthe budget years (Clement, 1983).

The calculations suggest that the effect of the ice cover in the basins is to smooth out year­
to-year runoff variations compared to a hypothetical ice-free basin. This has an obvious ad­
vantage in that it reduces the reservoir capacity required for year to year storage. However,
it may be partly offset by the greater seasonal variability in glacier runoff compared to runoff
from an ice-free basin.

Registration and modeIling of glacier fluctuations

In connection with the planning of hydropower installations near the ice margin, prog­
noses of the ice marginal changes are necessary. Recession or advance of the ice margin oc-
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Fig. 10. Calculated variation in runoff over the past century from a sector of the Inland Ice margin at På­
kitsup akuliaruserssua (Jakobshavn area at 69°N). Values are expressed as a percentage of the 1963­
1983 simulated mean annual runoff. The warm spell of the period between the 1920s and 1960s can be
clearly seen in the curve calculated from the c1imatic series (Braithwaite & Thomsen, 1984a).
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Fig. 11. Advanee and retreat of the fronts of six subglaciers (lobes of the Inland lee) in response to abla­
tion. Fluetuations generated by means of the 2600 year ('80) series from DYE 3. Curves cover the time
sinee A.D. 600 and show deviations from the 1975 front positions (Reeh, 1983).

curs commonly with rates up to H}-20 m/year. Exceptional cases with advances up to several
kilometres per year can be observed during glacier surges, but these occurrences are rare
and are not dealt with here. However, even the normal rates of change may cause sub­
stantial changes in the terrain and in the courses of the rivers draining the ice margin.

The locality of Påkitsup ilordlia (Påkitsup akuliaruserssua) near Jakobshavn is an example
of river changes due to a f1uctuation of the ice margin. At this site a hydropower plant for
Jakobshavn is planned at the margin of the ice sheet. Here, a slight recession of the ice mar­
gin caused a radicai change of the drainage so that it shifted from the northem to the south­
em inner branch of Påkitsup ilordlia fjord (fig. 3), and a prognosis of the behaviour of the
ice margin is required (Thomsen, 1983a). The prognosis is based on simulated mass balance
conditions in preceding centuries and on information of the surface and bottom of the ice
sheet sectors involved up to the equilibrium line. The main response time here is 100-200
years so that in the coming decades a continuous, slow recession of the ice margin under
present or even slightly colder conditions can be expected. The calculations (made by Reeh,
1983) include the behaviour of the ice margin back to A.D. 600 (fig. 11). Where the simul­
ation can be controlled (e.g. by reports of margin changes during the last 100 years) it
showed a good fit with the actual observations.

In general the main part of the glaciers in Greenland are still receding as a consequence of
the warm spell between the 1920s and 1960s, though stabilization or even readvance of mi­
nor local glaciers has been reported in recent decades (Gordon, 1981).

Marginal changes of the ice sheet are not so directly dependent on climatic changes as are
local glaciers. Thus, the sectors amund Johan Dahl Land in South Greenland have advanced
continually at least since 1930. It is presumed that the advance of this part of the southem
slope of the ice sheet is a consequence of the general thinning: subglacial thresholds will then
change the outward flow so that some sectors will actually receive increasing amounts ofice.
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Concluding remarks

The glaciological investigations of the preceding decade have essentiaIly been concen­
trated on acquisition of the elementary basic mass balance data of a few selected glaciers.
Compared to international standards each measurement often represents larger unit areas of
the glaciers, and accordingly the measured results cannot produce the same detail. How­
ever , a great step forward has been achieved by the compilation of these basic meas­
urements, the importance of which reaches far beyond the localities investigated.

The mere existence of the Inland Ice and its present and past role as a climate buffer of the
North Atlantic also implies the necessity of a detailed knowledge of the present mass bal­
ance parameters. Since the accumulation pattern of the interior of the ice sheet is relatively
well known, the recent measurement of some of the losses has contributed a great deal to the
insight of the relationship between climate and ablation.

However, although necessary and fundamental, the application of conventional mass bal­
ance measurements has severe restrictions where calculation of the ablation of ice sheet sec­
tors is involved. Remote sensing has supplied a great deal of information for delineation of
the sectors and for prognosis of positions of the equilibrium line and hence data transfer
from one glacier to another. Additional insight into the internal and subglacial meltwater
drainage of the glacier is still needed.

Progress in better delineation of the hydrological drainage and prognoses of glacier be­
haviour depends on better knowledge of the surface and subsurface of the ice sheet sectors.

There is broad agreement that present mass balance measurements are both time consum­
ing and expensive, even with respect to local glaciers, and other methods have to be at­
tempted. So far it has not been possibie to avoid conventional mass balance measurements,
but supplementary investigations that yield information on glacier changes, which may con­
tribute to the controlof more sophisticated mass balance modelling (including ice dynam­
ics), seem to be arealistic tool for future work in Greenland.

Acknowledgements. Thanks to Dr S. Pala, Ontario Centre for Remote Sensing (OCRS), Toronto, Can­
ada, for discussions of digital processing techniques. The Landsat image (fig. 4) was processed at
OCRS.
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